Abstract-This paper describes a fault-tolerant control system for a high-performance induction motor drive that propels an electrical vehicle (EV) or hybrid electric vehicle (HEV). In the proposed control scheme, the developed system takes into account the controller transition smoothness in the event of sensor failure. Moreover, due to the EV or HEV requirements for sensorless operations, a practical sensorless control scheme is developed and used within the proposed fault-tolerant control system. This requires the presence of an adaptive flux observer. The speed estimator is based on the approximation of the magnetic characteristic slope of the induction motor to the mutual inductance value. Simulation results, in terms of speed and torque responses, show the effectiveness of the proposed approach.
operations is a key feature. Nevertheless, some applications accept short torque transients and even permanently reduced drive performance after a fault, on the condition that the drive continues to run. This is the clear case of home and civil appliances, such as, for example, air conditioning/heat pumps, engine-cooling fans, and electric vehicles. This is especially important in high-impact automotive applications such as an electrical vehicle (EV) or hybrid electric vehicle (HEV), where even limp-back operation is preferred to no operation.
For specialized applications, switch reluctance (SR) and variable reluctance (VR) permanent magnet motors are often designed to be less susceptible to various faults [11] , [12] . Other papers have indicated that permanent magnet synchronous machines (PMSM) may be better suited to some of these applications [13] . However, it seems that vector-controlled induction motor drives are being increasingly used as mission critical components in high-performance automotive applications [14] . In fact, recent technological developments have pushed alternating current (ac) motors into a new era, leading to definite advantages over other motors, such as higher efficiency, higher power density, lower cost, better reliability, and next to no maintenance. As high reliability and maintenance-free operation are prime considerations in EV or HEV propulsion, induction motors are becoming attractive [15] [16] [17] .
The most common type of HEV is the parallel type, in which the internal combustion engine (ICE) and the electric motor (EM) are directly connected to the wheels. This structure presents a relative advantage in control over other induction motor applications, such as servos. The advantage is that the induction motor will operate only virtually at a speed above the idle speed of the ICE. The only situation in which the EM will need to operate at a lower speed will be the transient from zero (stalled) to idle speed. This creates grounds for the use of sensorless control techniques that are known to perform well, expect for low-speed operations. However, all known speed sensorless techniques are sensitive to the parameter variations. The induction motor parameters vary with the operating conditions, as is the case with all electric motors. Furthermore, for a propulsion application, the operating conditions will vary continuously.
The study reported in this paper deals with the problem of developing an induction motor drive with a tolerance to very specific faults due to sensor failures. For fault-tolerant drives to become practical entities, both the hardware and software must be developed to perform the following tasks: fault detection; fault diagnosis; remedial action selection; and implementation. It will be necessary to act in this sequence in the shortest possible time after the occurrence of the fault, in order to prevent the occurrence of secondary failures. Fault tolerance has become an increasingly interesting topic in the last decade, when automation has become more complex. A trend toward more autonomic control systems also drives the interest for fault tolerance. In mass-produced industrial systems, the unit cost is a paramount issue. Hence, cheap fault-tolerant control has become an important industrial research area. The objective is to give solutions that provide fault tolerance to the most frequent faults, thereby, reducing the costs of dealing with the faults. This paper describes the diverse nature of requirements and approaches to the fault-tolerant control of induction motor drives to be used in automotive applications. The problem here is not to discuss which technique of control to use, but how to guarantee a minimum level of performance once the drive has been submitted to a fault (e.g., subject to full or partial sensor failure). Due to this stress, our first objective is to set an automatic system that is devoted to the induction motor drive fault-tolerant control. Four control strategies are used to achieve this goal. Among these, a practical sensorless control technique is developed, which requires the presence of an adaptive flux observer. The speed estimator is based on the induction motor magnetic characteristic slope approximation to the mutual inductance value. The second objective is to obtain a smooth transition between two control techniques when a sensor failure occurs.
II. INDUCTION MOTOR CONTROL
Induction motor drives control techniques are well treated in the literature [18] , [19] . The most popular is the so-called scalar control method. This technique allows great performances only in the steady state, because precise control of the instantaneous torque is not possible. The vector-control technique is now used for high-impact automotive applications (EV and HEV) [20] [21] [22] [23] [24] . In this case, the torque control is extended to transient states and allows better dynamic performances.
A. Adopted Control Techniques
Much discussion in the literature has focused on choosing between the various control alternatives and deciding which one to implement, depending on the requirements of the particular induction motor application. In our case, rather than developing a nominal controller based on a single control technique, the architecture developed here adaptively changes control techniques in the event of sensor loss to attain the best performance with the remaining sensors.
For high-performance induction motor drive systems over the entire speed range, indirect field-oriented controllers (IFOC) are commonly used. These controllers typically incorporate rotor position and motor current feedbacks [25] .
Sensorless vector controllers eliminate the need for position feedback, but operate poorly at very low speeds [26] . This is why we have proposed a practical speed estimator, which is particularly well adapted for EV or HEV applications.
Scalar control methods have been used when rotor flux orientation cannot be maintained. However, they do not allow decoupled torque and flux control [27] .
A Volts/Hertz open-loop induction motor can be used without feedback sensors. This, however, results in slow dynamics and sluggish response. Moreover, operations of Volts/Hertz are characterized by large transient behaviors in the motor currents and torque [28] .
B. Particular Case of the Sensorless Vector Control
Induction motor drive research has been concentrated on the elimination of speed sensors at the motor shaft without deteriorating the dynamic performance of the drive-control system. The advantages of speed sensorless ac drives are lower cost, reduced size of the motor set, cable elimination, and increased reliability. Different schemes for speed sensorless in the field orientation have been proposed in the past few years. A comprehensive review of the sensorless control of ac drives is given in [29] , in which their merits and limits based on a survey of the available literature are reviewed.
According to the survey above, we present a practical solution to estimate the induction motor speed in the rotor-flux-oriented control-system frame, taking into account rotor-resistance variations. In fact, the vector-control strategy is very sensitive to flux estimation, which is mainly altered by motor parameter variations. It was then imperative to identify them [30] , [31] . Moreover, fast flux estimation and parameter identification achieves high dynamic performance and speed accuracy. Such features have been considered in the proposed control scheme [32] , [33] .
1) Induction Motor Model: An induction motor model can be described in a stator reference frame with (1) The rotor flux orientation is achieved by the following transformation from the to frame:
This transformation leads to (3) Fig. 1 shows the general structure in which flux and torque, respectively, are controlled by currents and in the synchronous rotating frame fixed with the flux.
2) Speed Estimator: If we choose the motor speed as an intermediate variable, (1) could be written as (4) From the above, the following is then obtained: where represents the slope value for each point of the induction motor magnetic characteristic (6) The magnetic saturation is neglected on the basis of a physical consideration. In fact, the induction motor temperature increases (thermal effect) due to its operation and will perturb and slow down the magnetic saturation process [32] . Moreover, induction motors designed for EV applications are required to have a small total leakage inductance in order to maximize the peak torque and constant KVA region. Therefore, open-slot shallow-bar rotors are typically used. This results in no saturation of the leakage inductance. Traction motors also are typically designed for high efficiency. Therefore, the specific losses (power/unit mass) of the core are minimized. This is accomplished by using core materials with a lower relative permeability, resulting in a higher saturation flux density. Therefore, the overall saturation of the main flux is reduced and the main inductance is nearly constant over the operating range [34] . The EV drive system, which requires knowledge of the motor parameters, is susceptible to detuning primarily because of the motor resistances and not because of the inductances.
These practical considerations have led us to consider as a constant. In this case (7) This equation can be written as (8) where represents the magnetic characteristic slope that changes with the motor load. In fact, the first part of (7) may be written as (9) In this case, it is numerically checked that the real part absolute value of (9) increases and does not exceed the mutual inductance value in loaded conditions. Furthermore, we have noticed that the imaginary part remains slight. Therefore, the following two for unloaded motor operation and for rated load motor operation. With the above considerations and, in the particular case of small and medium power induction motors, the following approximation could be written: (10) From (10) and (5), the motor speed estimator is extracted.
(11) As shown by (11) , the speed estimator is composed of two terms. The first has the drawback of being sensitive to rotor and stator resistance that may vary owing to temperature. However, at the motor-rated load operation, we have (12) Therefore, the parameter variation influence is reduced.
3) Simulation Results: Numerical simulations have been carried out on a 4-kW induction motor, whose ratings are summarized in Table 1 , to analyze the proposed speed sensorless induction motor drive (Fig. 1) performance. For simulation purposes, the transient behavior of the speed estimator is evaluated during 3 s. At 1 s, a 15-Nm load torque is applied and removed at 2 s. In these conditions, Fig. 2 shows that good performances are achieved and demonstrates the speedestimator robustness against parameter variations. Moreover, a change in the speed reference at 2.5 s is well tracked. Figs. 3 and 4 demonstrate the speed-estimator capability for different induction motor-operation conditions, particularly those at low speed.
To illustrate the speed-estimator robustness, computer simulations have been carried out in the case of an induction motor fed by a PWM-VSI inverter. Fig. 5 clearly shows the robustness of the proposed speed estimator when a 15-Nm load torque is applied at 1 s and removed at 2 s and when the speed reference is changed at 2.5 s.
III. FAULT-TOLERANT CONTROL
The high-impact nature of many electric machine applications, such as starter/alternator systems in automobiles (Fig. 6) , necessitates a fault-tolerant performance. This can be realized in a flexible controller architecture that maintains maximum performance in the event of a failure in any part of the EV or HEV electric drive.
To achieve this goal, a reorganizing controller will adopt the best control methodology according to the available feedback and the operational hardware. Therefore, the reorganizing controller (fault-tolerant controller, as illustrated by Fig. 7 in the case of a parallel HEV) comprises two parts: failure detection and fallback strategy. While the first part monitors the status of system components such as sensors, motor, inverter, etc., the latter will engage the most appropriate control strategy based on a hierarchical basis as presented in Section II.
A. Induction Motor Drive Control in Presence of Faults
Vector-controlled ac drives have been proven to be capable of even better dynamic performance than direct current (dc) drive systems. However, direct field-orientation schemes would require the use of flux sensors (search coils) installed inside the motor. These would spoil the ruggedness of the motor and are useless at low speeds. Indirect field orientation is based on sensing the rotor position that is very sensitive to motor parameters. Incorrect knowledge of these leads to significant deterioration of the drive performance. In the case of sensor failure, they are replaced by observers, which convert the stator voltage and current signals into the required information concerning flux or motor speed. However, observer performances are mainly affected by rotor time-constant variation due to temperature and saturation. This will substantially deteriorate the induction motor drive performance.
Another control technique is then needed, even for lower performance. The closed-loop scalar control is suitable in this case. Finally, if current sensors break down, the Volts/Hertz control technique is then substituted to guarantee drive-system continuity.
B. Fault-Tolerant Controller
A fault-tolerant control system with automatic controller reconfiguration has been developed. Depending on the functionality of the sensors, the appropriate control strategy will be used. The fault-tolerant control system first concerns the indirect vector-control (IVC) technique, since better performance is obtained with an encoder to get the speed information. In the event of unavailability of the speed sensor (e.g., failures in measurements or in the device), a sensorless vector-control (SVC) technique is applied. However, in high-speed ranges, angular delay between the control and motor frames becomes so important that instability may occur. Therefore, even if dynamic performance is reduced, we have to use the closed-loop sensorless scalar control (SSC), which guarantees stability. Finally, if the current sensors are unfortunately ineffective, an open-loop law will be used to avoid the complete stalling of the EV or HEV engine. Fig. 8 shows the proposed flexible architecture for fault-tolerant control purposes that maintains maximum performance, as well as the overall system failure rate at an acceptable level. With this approach, the reliability of the drive system is greatly improved.
C. Controller Transition Strategy
The control-transition smoothness depends greatly on the rotor flux angular position in the stator reference frame. In fact, the flux angle generator runs in parallel and integrates the motor voltage to determine the machine flux. This calculated machine flux is not used by the IVC controller, but is available in the event of a switchover to the SVC controller being required, depending on the control technique type (13) The calculated angles for vector (SVC) or scalar (SSC) control techniques reveal a slight difference, as can be seen in Fig. 9 . However, if a transition strategy is not used, an important braking torque with probable mechanical damage will occur, as Fig. 10 shows. Indeed, this braking torque is a direct consequence of the phase shift between control voltages , as illustrated by Fig. 11 . Therefore, to obtain a smooth transition, this should be done when phase-shift is zero or very close to zero (Fig. 12) . In [14] , the transition technique is to force synchronization between the encoder-based angle generator and the SVC angle generator by compensating for their phase difference at the instant of controller switchover. In our case, after a sensor fault, the controller switchover is authorized when synchronization has been naturally achieved .
IV. SIMULATION RESULTS

A. Tests of the Fault-Tolerant Controller
The proposed fault-tolerant control strategy has been simulated on a 4-kW squirrel cage induction motor whose ratings are summarized in Table I .
In Figs. 13 and 14 , a set of speed and torque curves shows smooth controller transitions and abrupt ones . The following event sequences have been implemented.
Step 1) At 0.5 s, a disturbance in the form of missing the speed sensor pulses was introduced (speed sensor failure). Step 2) At 1.2 s, the rotor flux orientation cannot be maintained (e.g., loss of access to the rotor flux angle). Therefore, there is need for a scalar control method to guarantee the stability. As expected and shown in Fig. 13 , dynamic performances are deteriorated.
Step 3) At 1.8 sec, current sensors are failed. The
Volts/Hertz control technique is then engaged. This is the last step in the hierarchical classification of the control strategies for the induction motor drive.
Although voltage sensors are typically not used, the application of a desired voltage to the induction motor without the need for voltage sensors implies that the inverter bus voltage is known.
In most cases, we observe an oscillatory behavior when the speed sensor fails. The torque oscillations for have a small amplitude with a quite null average and are quickly damped. On the contrary, when , the average torque is negative, leading to a braking torque, which is confirmed by the speed deceleration illustrated by Fig. 14 . 
B. EV or HEV Cases
It should be noted that there are many hybrid schemes, which combine attributes of the control methods discussed previously. Depending on the application and availability of sensors, as well as the desired performance of the system, other controller permutations may be possible to add to the hierarchy described here [24] , [35] . Conventional linear control such as PID can no longer satisfy the stringent requirements placed on high-performance EV or HEV. In recent years, many modern control strategies, such as model-referencing adaptive control (MRAC), self-tuning control (STC), variable structure control (VSC), fuzzy control (FC), and neural network control (NNC), have been proposed [36] . Both MRAC and STC have been successfully applied to EV propulsion [37] . Using the sliding mode, VSC has also been applied to motor drives [38] . By employing the emerging technologies of fuzzy and neural networks to realize the concept of intelligent controllers, FC and NNC offer promising applications to EV and HEV propulsion [39] [40] [41] [42] [43] .
Automotive application drives such as EV require an ability to operate at constant power over a wide speed range, good overload performance, and high efficiency, especially at light load operation at higher speeds (Fig. 15) . These characteristics allow the best utilization of the limited battery capacity (extension of the running distance per battery charge) and the minimization of the size and weight of the motor and drive. For these requirements, induction motor vector-control advantages (quick and precise torque) are not sufficient. Therefore, control techniques that maximize the induction motor efficiency are highly desirable for the fault-tolerant controller [23] , [44] [45] [46] [47] [48] [49] [50] .
V. CONCLUDING REMARKS This paper has described a fault-tolerant control system for a high-performance induction motor drive for automotive applications. The proposed system adaptively changes control techniques in the event of sensor failures. Four control techniques have been used to ensure induction motor drive operation continuity. Among these, a practical sensorless control technique has been developed, which requires the presence of an adaptive flux observer. The speed estimator is based on the approximation of the magnetic characteristic slope of the induction motor to the mutual inductance value, which is considered to be constant.
This assumption is based on the fact that the sensorless technique is dedicated to EV or HEV applications. In fact, in induction motors designed for automotive applications, the main inductance is nearly constant over the operating range [34] . Computer simulations on a 4-kW induction motor drive show the feasibility and robustness of the proposed speed estimator. Furthermore, a management technique has been introduced to guarantee a smooth transition between two control techniques in the case of sensor failures.
The transition technique is to authorize controller switchover when the control voltages are naturally synchronized . Simulations results on the same 4-kW induction motor drive, in terms of speed and torque responses, show the effectiveness of the proposed approach. Finally, there are many hybrid schemes that combine attributes of the above tested control methods. Moreover, depending on the application and availability of sensors and the desired performance of the system, it may be possible to add other controller permutations to the hierarchy described here.
